Detta dokument hålls tillgängligt på Internet -eller dess framtida ersättare -under 25 år från publiceringsdatum under förutsättning att inga extraordinära omständigheter uppstår. Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för ickekommersiell forskning och för undervisning. Överföring av upphovsrätten vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av dokumentet kräver upphovsmannens medgivande. För att garantera äktheten, säkerheten och tillgängligheten finns lösningar av teknisk och administrativ art. Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i den omfattning som god sed kräver vid användning av dokumentet på ovan beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan form eller i sådant sammanhang som är kränkande för upphovsmannens litterära eller konstnärliga anseende eller egenart. För ytterligare information om Linköping University Electronic Press se förlagets hemsida http://www.ep.liu.se/.
Introduction
Disasters are dangerous events that cause significant human and economic loss and demand crisis response. Disasters can be categorized into three different types: natural, man-made and hybrid disasters [1] . It is believed that these three types cover all disastrous events. A natural disaster is an event resulting from natural causes, such as an earthquake or tornado. A man-made disaster is an event resulting from human decisions, such as plant and factory failures or transportation failures. A hybrid disaster is an event resulting from both natural causes and human decisions, such as a dam collapse. One thing the different types of disasters have in common is their severity and that they can happen with little or no prior warning.
Disasters such as natural, bioterrorism and pandemics are becoming increasingly common and are creating increasingly complex challenges that demand competent personnel [2] . This makes it a problem for counties in Sweden to determine if they have the required resources to handle disasters. Currently analog simulations of various accidents are used in combination with other methods to assess emergency preparedness [3] . If an emergency occurs in a county while necessary resources are not available, it can substantially impact the probability of victims getting treated in time and surviving [4] .
Simulation-based training is one method that has been increasingly used within emergency and disaster management to increase patient safety and acquire the required competence to handle these kind of situations [5, 6] . There are several simulation systems which can be used for education and training in emergency and disaster management. One of them is Emergo Train System (ETS) which is an analog simulation system that is used in over 35 countries. A digital version of ETS, called DigEmergo, also exists.
Discrete-Event Simulation (DES) have been used to simulate various hospital departments and disasters to assess preparedness, but also to improve work methods and streamline available resources. Studies have previously been conducted on how to, for example, increase utilization of operating departments [7] , making the patient flow more efficient through the emergency department [8] or in planning the transportation of injured to hospitals [9] .
Stochastic system simulation is a simulation with a set of variables that changes stochastically with certain distributions. It allows the user to observe many operations with small differences in the input without actually having to perform it and it can be used in many different situations to help solving problems. So long as the simulations are sufficiently accurate, this could be a convenient tool when conduction risk analysis with respect to disaster 1 1.1. Motivation preparedness. For example, the user could change the ratio between ambulances and helicopters, and evaluate the most efficient resources setups that achieve the best outcome in the event of a disaster.
Motivation
The counties in Sweden have a legal responsibility to maintain emergency preparedness. It is based on the fundamental principles of responsibility, proximity and equality. The counties should plan the health care so that disaster preparedness is maintained and it shall be documented in a regional contingency plan. This is not an easy task, since it includes planning preventive measures to scenarios that rarely happen, or have not yet occurred. Even though analog simulation exercises can be of significant value, they are not conducted frequently because they are expensive in terms of money, time and resources [9] . Listed below is a few reasons for why computer-based simulations can be advantageous to analogue simulations:
• It can be a less expensive way of simulating different type disasters compared to analog exercises.
• It can help personnel with decision making skills so they can respond efficiently and learn how to make quick decisions.
• It can act as a lower limit result in analog exercises. When a large scale analog exercise is performed it can be hard to evaluate what an acceptable result is; for example, how many injured risked complications because of late treatment. Computer simulations can in this case provide results that can be used for comparison of patient outcome. Different strategies related to, for example, transportation of injured could also be compared.
• There is no need to allocate personnel to conduct the simulations. When doing a large scale exercise it is required to have competent personnel doing the exercise.
Computer-based simulations can also be used in combination with analog exercises and answer "What if" questions. For example, given an arbitrary disaster, would a county have the capabilities to manage it given the available resources? Thus, computer-based simulations can help with the grunt work that the analog exercises do not have time to simulate along with superior disaster management planning [10] . Computer simulations can also help answer questions analog exercises have a hard time answering because of limited resources, such as:
• How long time would it take to transport all injured given distances to hospitals and the number of ambulances nearby.
• Deciding the optimal transportation strategy, e.g. stay and play versus scoop and run, which would minimize the negative impact on the injured [11] .
• How hospitals should be prioritized when transporting injured, e.g. fill closest hospital first or spread evenly between all available hospitals.
• How competence can affect the patient outcome, e.g. how would the outcome differ if for example laymen had experience in tourniquet application.
Aim
The main objective of this thesis was to develop and conduct initial verification and validation of a simulation system that can be used to assess emergency preparedness. The usefulness of the system is to be presented by comparing it to an analog simulation of the same scenario. 
Research questions
The following questions will be used to guide the work in this thesis.
Question 1:
Can the DigEmergo model be adapted to allow for stochastic simulation?
Question 2: Can the proposed model be used to assess emergency preparedness?
The reliability of a system that is utilized to save human lives is for is for obvious reasons rated highly important. To be able to answer this question the model has to be thoroughly verified and validated.
Question 3:
To which extent can the proposed simulation output be considered valid?
The validity of the model can differ for different types of scenarios. It must therefore be clear which types of scenarios that are applicable.
Delimitations
In this work, the model will not be validated using real events. The validation will instead be done using a scenario that was developed for exercising disaster management, TYKO. No patient model will be developed, instead the existing ETS patient model with already validated medical data will be used for the executable model.
To be able to run the proposed conceptual model, an executable model has to be developed and a simulation engine to run it. However the software development related to the simulation engine will not be presented in this thesis, instead the theory behind DiscreteEvent Simulation (DES) will be presented in subsection 2.2.4. It is also possible to further adapt model implementations to run in other DES software, such as SimEvents in Matlab. 
Theory
This chapter describes different theoretical subjects and models needed to understand the thesis work.
Disaster Management
Disaster management is a multidisciplinary practice that involves several professional disciplines. The aim of disaster management is to prevent or minimize the effects of a disaster, assure that sufficient assistance is available to victims and making sure that systems can recover afterwards. Disaster management can be examined in four different phases; mitigation, preparedness, response and recovery [12] . The four phases form a cycle where lessons learned are utilized to improve future prevention plans, this is called the emergency management cycle, see • Mitigation -Mitigation involves actions that could prevent or minimize the effects of a disaster. Examples of mitigation could be building codes, fire codes and preventive health care. The effectiveness of mitigation depends on how much information exists about potential disasters and their related countermeasures.
• Preparedness -Preparedness is planning and preparing how to respond to disasters, e.g. emergency exercises and simulations, to make sure the readiness is sufficient to handle any disaster situation that emerges. Making sure that there is enough available ambulances or medical personnel can be described as logistical readiness. The logistical readiness can be increased by for example, making plans on how to handle disasters and having exercises for medical personnel. Ensuring that there is reserves of food, water and fuel is also a type of preparedness that can be essential in handling disasters.
• Response -During the response phase responders assume their respective tasks such as triage, treatment and transportation. This is where the practice and planning is used.
• Recovery -When the disaster is under control there can be recovery measures to return all systems to normal.
In general, serious disaster events require a high capacity for handling them and are associated with high costs. If data was available on how much emergency resources are required for any type of disaster, it would be possible to calculate a cost to benefit ratio. However data are not available for all types of disasters and especially not at a regional level, therefore it can be hard to support having a high capacity level without having data that supports that decision, especially with the associated high cost. Having the ability to simulate arbitrary disasters provides decision makers with concrete evidence on how much emergency resources are required to properly handle the disasters.
Simulation for Disaster Management
Simulations can be a useful tool in planning and identifying bottlenecks that may occur during a disaster when the medical and health needs of the patients are high. Examples of bottlenecks that may develop could be:
• Availability of Intensive care unit (ICU) beds.
• Availability of Operation rooms (OR).
• Lack of ambulances to handle transportation.
Simulations can give information that support implementation of different strategies and general decision making at multiple levels in hospital management [13] . The result from simulations can also minimize deviations from the given government guidelines and reduce mistakes by the management. It can also help with reaching an acceptable level of emergency preparedness.
There are simulation systems that can be used for disaster management available, the ones related to this thesis work are presented later on.
Triage and Prioritization
In case of large accidents or resource shortages, it might be necessary to reallocate the available resources in a more effective manner, in order to reduce the mortality rate and the number patient complications. Triage is a process used to sort and prioritize injured patients with the goal of identifying the patients with the most urgent care needs and optimizing the use of available resources. Sorting is done by dividing patients into different groups represented by a unique color. Commonly used colors are red, yellow and green where the prioritization is given in the same order. For example, a patient that has been given a color red should be given priority over yellow or green. 
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START Adult Triage Algorithm
The triage algorithm used in this thesis is the START Adult Triage Algorithm [14] . Which is one of the most commonly used in the world [15] . The START adult triage algorithm is described in algorithm 1. The output of the algorithm can give a victim four different colors with the described implication:
Black Victim is unlikely to survive with the given injuries and / or given the available resources. Palliative care should be given (fatal outcome expected).
Red Victim can be helped by immediate trauma care and transportation. Usually requires medical attention within 1-2 hours.
Yellow Victim has potential life-threatening injuries but status is not expected to deteriorate within a few hours. Transportation can be delayed.
Green Victim has relative minor injuries and can status is not expected to deteriorate within a few days. Transportation can be delayed. 
Emergo Train System
Emergo Train System (ETS) [16] is an analog simulation system used for education and training in emergency and disaster management. The system is used in 35 countries and is used to test and evaluate disaster preparedness. ETS was developed and is administered at the Katastrofmedicinskt centrum (Centre for Teaching & Research in Disaster Medicine and Traumatology) (KMC) [17] . It is based on simple magnetic figures with different colors symbolizing different types of resources or patients, see Figure 2 .2.
ETS consists of three main components, pre-hospital, hospital and ambulance coordination. The pre-hospital component is used for disaster management and it starts with the first situation report. The hospital component is used for dealing with the incident following the 6 2.2. Simulation for Disaster Management first situation report within the hospital. The ambulance coordination component is used for transporting and managing resources and distributing of injured to hospitals.
ETS can be used for simulating small scale incidents to large scale disasters. Examples of exercise areas are:
• Standard operational procedures and guidelines.
• Triage methods.
• Strategic and regional coordination.
• Dealing with scenarios where there is a lack of time and resources.
The core of ETS consists of a patient database. When deciding what type of disaster to simulate, patients with injuries related to that type of disaster is picked to make the simulation realistic and valid. Each patient also holds information related to what type of care it requires to survive or to not get any complications. For example, a patient with category 3 requires:
• Intubation within 60 minutes to not receive the preventable death outcome.
• Recovery position within 60 minutes to not receive the preventable death outcome.
• Collar within 60 minutes to not receive the preventable complication outcome.
• Operation within 12 hours to not receive the preventable complication outcome.
This data exists for every patient in the database, which allows for summarizing the patient outcomes after a scenario and analyzing what was done well and what could have be done better. ETS could for example be used for evaluating the new national burn disaster response plan that is being proposed [18] . Using the ETS model to exercise emergency management is however a time consuming process which requires resources, time and personnel.
• If a new type of exercise is to be carried out preparation has to be done. This involves coming up with the scenario description that fits the location where it is being performed, and creating the necessary resources to be able to run the simulation.
• Running an exercise requires personnel. This includes the personnel that is doing the excersise and personnel running the excersise and taking notes.
• After an exercise has been conducted the outcome has to be calculated. This is done by checking which quality indicators has been fulfilled, calculating the patient outcome and other results depending on which type of exercise. This is usually summarized using excel spreadsheets or similar software.
A digital system could potentially assist with this, which in turn could save substantial amount of resources.
DigEmergo
DigEmergo is a digital version of ETS developed at KMC. It is supposed to replace some of the analog aspects of ETS by using large touchscreens or smartboards instead of using whiteboards. Instead of instructors taking notes during a simulation, the clients (represented as touchscreens or smartboards) are connected to a server where all the interactions are logged. This enables continuous data collection during a simulation and instantaneous summation of the results as the simulation is finished. The system also allows for more strict rules in real-time because the server can enforce them. An example of this could be sending an ambulance without paramedics, this is something that could be missed by ETS instructors but can be easily enforced in DigEmergo.
DigEmergo have been evaluated in multiple studies. These studies have shown that that DigEmergo is a promising simulator, but have presented mixed evidence for its validity [19] . Identified advantages are automatic real-time collection of quantitative data, automatic summation of the results from the simulation and increased control [20] .
DigEmergo still requires personnel to run, the same way ETS does. If the exercise part of the simulation were to be excluded this is something that could be done by computers, and focus on using it for evaluating disaster preparedness. 
Discrete-Event System Simulation
A Discrete-Event Simulation (DES) is a method of simulating the behaviour and performance of a system as an ordered sequence of discrete events, where an event consists of a specific change to the systems state at a specific point in time. One advantage of DES compared to continuous simulation, where time is broken up in small time segments, is that it can run much faster because it does not need to simulate every time segment.
Common applications of DES could be in the financial sector, modelling processes in industries and healthcare. An example of DES in action is a study of Krisjanis Steins where he tried to address the problem of low utilization of the Operation rooms (OR). Other studies have been performed where applications of DES in emergency departments have been analyzed [21] , where they concluded that it is a cost effective method for testing various "what-if" scenarios.
Simulation Components
In addition to the logic of what happens when events in the system occur or when new events are scheduled, DES includes additional components. Below is a list of components that are relevant for this thesis.
State The state of the system contains a set of variables necessary to describe the system at any given time. The state can mathematically be represented by a step function where the value of the function only changes when events occur. This implies that the system state in between two events never change no matter how much time has passed.
Clock
The clock represents the current simulation time. The clock jumps to the next occurring event as opposed to continuous simulations where the clock is incremented by a fixed rate, this enables simulations to run quicker because less work has to be done.
Model An abstract representation of a system which consists of entities.
Entity Any object that is represented in the model.
Event
An event is an instantaneous activity which changes the state of the system. Typically this is something that affects one or many entities in the system.
Events list
An active simulation always contains at least one event in this list and a simulation is considered finished when this list is empty. The events list is typically represented by a priority queue [22] and is ordered by the time of occurrence. This list is also known as the future event list (FEL) in some literature [23] . Events are typically scheduled in a dynamic manner whilst the simulation proceeds.
Random-number generator
If a simulation need random numbers generated, the use of pseudo-random generators are typically used. This is because if a simulation is to be rerun with the same random seed, it is important that the simulation yields the same result as the previous simulation and behaves in the same way.
Ending conditions As previously stated a simulation is considered finished when the events list is empty. However, this does not imply that there is a set limit to the simulation time.
To avoid unreasonably long simulation times, it could be convenient to specify user defined ending conditions to the simulations. Ending conditions could for example be a fixed CPU time limit, or using a statistical criterion. In this thesis this could be when all patients have been properly taken care of.
Simulation Models
A model of a system is considered stochastic if the behavior is determined by one or more random (stochastic) variables. Stochastic models use ranges of values for variables in the form of probability distributions. A model of a system is considered deterministic if the outcomes are precisely determined through known relationships among states and events, without any room for random variation, i.e. a given input will always produce the same output. Some behaviours and phenomenons cannot be fully understood without stochastic modelling. A stochastic model tries to describe randomness in the world and are generally far more complex than deterministic models. An example of this could be the travel time of ambulances on a given road. It is dependant on a lot of things that might not be relevant to the simulation: road surface conditions, weather, traffic accidents, other vehicles and the list goes on. This is where it gets complicated using deterministic models. Even ignoring randomness in the duration of the delays has been shown to cause inaccuracies in the model. If instead a stochastic model is used the delay can be approximated by a log-normal distribution to achieve a more accurate model [24] .
A stochastic simulation is a simulation based on a stochastic model. The output is recorded and the simulation is repeated until sufficient amounts of data are collected. A unique seed is given to each simulation's pseudo-random generator. When all simulations are done the combined output together form a distribution of what is more or less likely to happen.
Determining the number of simulation runs
When the statistical connection between the input and output is unknown it can be hard to calculate how many iterations a simulation should be run to generate valid predictions. With a deterministic simulation the answer is simply once, because the output is fully determined by the parameter values and initial conditions, and no randomness can change this behaviour. For a stochastic model the answer is more complex. Frank E. Ritter suggests that when simulations are expensive, with respect to simulation time, a minimum number of runs should be based of power calculations. When simulations are inexpensive, a large number of runs (n > 150) is an adequate answer because it provides stable estimates of performance and of the variance [25] .
Other research present solutions to this problem using confidence intervals [26] . Where the number of model runs needed can be calculated given the variability of the model. However because the statistical connection between the input and output is sometimes unknown, it can be necessary to run the model before the variability can be estimated, in other words the variability of the model can be a function of the simulation outputs.
Verification and validation
Verification and validation are procedures to check whether a system meets requirements, specifications and behaves as intended. The difference between verification and validation can be summarized as "was the model made right" (verification) to "was the right model made" (validation). Verification and validation are essential if the model is going to be used reliably and provide trustworthy results. Verification is often an internal process and is intended to check if the system meets the design specifications. The Verification method is similar to testing methods that is common in software engineering, where the goal could be to check if the executable model is correctly implemented from the conceptual model.
Validation is the process of checking if the conceptual model is an accurate enough representation the simuland (the real world phenomenon to be simulated). Validation can answer questions that are relevant to this thesis research questions such as [27] :
• Under what range of inputs are the model's result credible and useful?
• How close are the results produced by the executable model to the behavior of the simuland?
Verification and Validation Techniques
This section describes different techniques on how to verify and validate a simulation model.
Comparison to other models The output of the simulation model that is being validated is compared to other validated model output. This could be other analytical simulation models [28] or simulation models such as ETS.
Degenerate tests Degeneracy of the model's behavior for certain input parameter values. It can help the modeller find bugs that would not have been discovered otherwise. Does the waiting time increase at an emergency department when the arrival rate is greater than the service rate?
Event validity
The events of the model is compared to events of a real world system to determine if they are similar. This could be both the number of occurrences or the timing of the events. Examples of comparisons that could be made is how many victims were treated at an accident site or when was the first victim transported away from an accident site.
Historical data validation Historical data is used as input to the simulation model and the output is compared to test results in order to conclude whether the model behaves as the real world system does.
Internal validity The stochastic model is run multiple times and the stochastic variability is compared. The simulation results should be similar each time but not identical. If the variability is high between the outputs there could be a problem with the model. If the results are identical it could also be a problem in the model.
Trace An entity in the simulation model is traced through the simulation to determine whether the logic of the model is correct. This could be following a victim on an accident site all the way to the emergency ward in a hospital when running an ETS scenario.
Verification and Validation Methods
Several methods for verification and validation of simulation models have been presented by different authors. Sargent proposes the following eight step iterative procedure to be performed when doing verification and validation [29] :
1. Before the model development has started the development team and model sponsors should agree on a minimum set of specific validation techniques that will be used.
2. Specify the range of accuracy of the model that is acceptable.
3. Test whenever possible the underlying assumptions and theories of the model. 4 . In every development iteration use at least the "face validity" technique on the conceptual model.
5. In every development iteration explore the model behavior using the executable model.
6. In at least the last iteration compare the simulation model output to real data to see if the accuracy is enough. 
Executable model verification.
Knowing which techniques to use in a given context is a complicated problem. It is often the available resources and the given context that decide which techniques to use, and in some simulation contexts certain techniques might not even apply at all. Research have shown that applied techniques are applied randomly throughout simulation projects and that there might not be a fixed order for applying the various techniques [30] . However, the procedures may also serve as checklists to ensure that no part is forgotten when conducting simulation projects.
Method
This chapter describes the methods used in this thesis.
Conceptual Model Development
The conceptual model was developed through a cooperative effort between competences from different fields involving computer scientists, cognitive scientists and experts in disaster medicine. The development process was iterative with workshops combined with implementation time. The point of the workshops was to generate ideas of how to solve different issues that comes with digitalizing an analog system, to clarify the purpose of the simulations and to analyze the work flows when constructing scenarios minimize the risk of missing something. During the workshops, lists of potential outputs were discussed, such as, how efficient resources were used or time to treatment. Additionally, parameters inside the simulation which would require variance for the simulation to behave more stochastically correct were discussed, such as transportation time and treatment time.
Scenario Creation Work Flow
When constructing an ETS or DigEmergo scenario the work flow was identified using the following steps, where some steps are interchangeable:
1. Select the type of scenario and location for where it will be played out.
2. Decide on which nearby hospitals that are going to be available and specify their capacity.
3. Select a subset of patients from the patient database that fits the scenario description.
4. Define functions or distributions in how patients appear in the scenario.
5. Select resources that are available, their location and how many for each type.
6. Run the scenario.
7. Summarize and analyze results. 
Simulation System Development
When instead creating a simulation model, a similar set of steps were chosen, where some steps are interchangeable. The main reason for this was to capture all necessary data for creating a scenario. The steps that were decided on are listed below.
3. Select a subset of patients from the patient database that fits the scenario description and are available for use in the simulation.
6. Run scenario simulation n times using unique seed for each simulation and let the AI make all decisions.
7. Automatically summarize and present results.
The goal of the simulation system was to make DigEmergo run by itself, not for exercise purposes but to assess disaster preparedness and to measure capabilities. An initial prototype was developed in Python to demonstrate the systems feasibility. Although this system was static and did not include everything from the conceptual model, it was one step closer to a more dynamic system. To implement the ETS model, a decision was made to use the already existing DigEmergo codebase. The DigEmergo codebase is written the C# programming language with a rule database using MSSQL. The system design can be seen in Figure 3 
Executable Model Development
Some initial design problems were identified and had to be solved in order to use the DigEmergo system for stochastic simulation.
• The model did not allow for variance in event time.
• The existing log system that kept track of changes of the model had to be changed to keep it consistent with the simulation system. This required some refactoring and changes to the system design.
As seen in Figure 3 .2, the model was directly responsible for logging changes, this was identified as a design flaw if the system was to be used in digital simulations. By instead creating a middle layer, see Figure 3 .3, actions which encapsulated modifications to the model could be logged. This allowed for an AI to generate actions, which the simulation engine could treat as events, and by logging those actions it made it easy to both replay and track all modifications.
Model Interaction
DigEmergo Model Log 
Software Testing
The model is tested using automated unit testing and integration testing. Unit testing provides a strict written contract that a unit must satisfy that provides several benefits, e.g. one more way to motivate that the model is verified. Unit testing was performed to ensure that all implemented individual actions, that modified the model, behaved as intended.
Integration testing tests a group of individual software modules together as a group. The integration testing was performed to automate testing of certain groups of actions together, e.g. grouping entities together and transporting them to another location.
Verification and Validation
The method for verification and validation in this thesis was similar to the one previously presented by Sargent, though the order in executing the steps differs slightly. For example, no plan for periodic reviews of model validity has been produced. The specific validation techniques were decided after a few iterations, when looking at the available resources, and not from the beginning.
Verification and validation of the model were conducted using multiple techniques. The data used for the verification and validation were taken from the simulation output, where all changes to the models state were logged. Examples of log entries can be found in Table 3 .1. Since all model changes were listed in chronological order, it were easy to follow any entity in the simulation, and all changes made to the models state. The chosen techniques were: degenerate tests, trace and comparison to other models. the arrival rate is greater than the service rate?". This could be analyzed from the log by summarizing the arrival time of all finished transportations to an emergency department, and comparing it to the time when the entities started receiving treatment. This basically comes down to comparing queue lengths over time when changing input parameters, which is possible when just having to compare timestamps from the log entries.
Degenerate tests
Trace
Trace is following an entity through the whole simulation and analyzing if the models logic is modelled correctly and with the necessary accuracy. An example of this could be following a patient entity all the way from spawning on an accident site to the hospital, or following a paramedic through the simulation. Since all entities in the simulation have unique id's, all events related to a specific id can be filtered out from the simulation event list. This makes it possible to analyze everything that has happened to that entity.
Comparison to other models
The simulation output of the model that is being validated is compared to other validated model output, in this case its compared to the TYKO scenario (described in subsection 4.2.2 Comparison to other model -TYKO) modelled in the ETS simulation model. The available data from the analog simulation, TYKO, made it possible to compare patient outcome and arrival of transportations to the accident site.
The patient outcome was calculated and summarized using data from all simulation runs. As described in subsection 2.2.2 each ETS patient has information about its required care. The transportation outcomes were calculated by looking at the timestamp of the arrival to the specified location type, and then comparing it to the required time. If the patient's arrival time was later than the time specified in the outcome, the outcome was added to the simulation. This was done for all patients. The treatment outcomes were calculated by looking at the timestamps of all received treatments, and comparing it to the corresponding specified treatment time requirement. If the treatment was done too late or not at all the outcomes were added to the simulation. This was also done for all patients.
Two box plots were used to summarize the outcomes. One boxplot representing preventable death and one boxplot representing preventable complications. This gave the simulations combined an interval of outcomes. The interval of outcomes was expected to be a bit lower, e.g. less preventable death outcomes, than the analog simulation. The reasoning behind this is that a computer simulation can make faster and more correct decisions according to the model's logic, compared to humans.
The arrival time of the ambulances to the accident site were noted respectively. The results were expected to have more accurate results compared to the analog simulation, since in the computer simulation there is no delay to when the transportation's commences.
Results
The result in this thesis can be divided into two parts, the simulation system and verification and validation of the simulation model.
Simulation System
The simulation system that was developed consists of three parts, see figure 4.1. An explanation of the different parts is given below. 
Conceptual Model AI Simulation Engine
Simulation Engine
The simulation engine was implemented with components as described in section 2.2.4. The engine is implemented in a general way and holds no business logic or domain logic. The simulation engine is solely responsible for:
• Updating the simulation time.
• Allowing the AI to queue events in a priority queue (the event list).
• Running the events that affects the model.
• Checking if any ending condition is satisfied.
• Running the AI. This allows the AI to make decisions for each given state in the simulation.
Conceptual Model
The conceptual model holds all information related to the scenario and can be changed using events. It has information about the different locations and routes connecting them, different treatments and their requirements. Locations and routes can be described as a graph where each node is represented as a location and each edge is a route between two locations. A route is defined as either air, land or water which entities can use depending on type. Routes can itself have requirements on what entities are allowed to use them, e.g. only helicopters can use the air routes. The model also includes requirements on treatments, where they can be performed and what competence is required.
Locations
Each location has a type and a list of entities. The location type determines what kind of treatments that are available. There is also some internal locations which can be used to separate different departments in hospitals or different accident areas on an accident site. The different location types are listed below. • Accident site -Accident sites are where the accidents are defined. It can have internal locations which exist to help with treatment requirements and patient outcomes. The different internal locations are defined below.
-Accident area -Sanitation -Casualty collection site (CCS).
-Helipad
By default the internal locations are connected as shown in figure 4. 3. An accident site can be considered unsafe, which puts restrictions on which entity types are allowed to enter the location. In the simulation model this is represented using a flag which indicates if the location is secure or not. The flag is set to secure when a set of criteria are fulfilled. This could be when police have entered all the rooms in a building or when firemen have been on the location a sufficient amount of time.
• Hospital -Hospitals have more treatments available and can have internal locations which allow for more specialized treatments. The available internal locations are defined below.
-Emergency department
By default the internal locations are connected as shown in figure 4 .4.
• Station -Is an area set aside for storage of vehicles. It is used as a starting point for vehicle entities.
Sanitation Accident area CCS Helipad
Accident site
External locations 
Trauma Treatments
The model consists of a set of trauma treatments. Each ETS patient category has a set of predefined trauma treatments that must be performed to avoid negative outcomes. Each treatment has various requirements relating earlier treatments, locations and personnel competencies.
• Earlier treatments -Certain treatment methods require prior treatments. For example, it is not possible to give intravenous therapy before the intravenous needle is put in.
• Location -Each treatment has requirements on valid location types where it can be performed. Some treatments are performed on accident sites and some treatments are performed in hospitals, but there are also treatments which do not have such restrictions and can be conducted at all location types.
• Personnel -Each treatment has requirements on personnel competence. For example, intubating an injured would not be done by a civilian but putting an injured into recovery position is something anyone could help with.
Competence Tree
In order to easily define the associated treatment that a specific personnel type can perform, a competence tree was created. A small version of this tree can be seen in Figure 4 .5. A treatment defines a level of competence required but all parent nodes are also able to perform that treatment. For example, a treatment requires a nurse but there is only a doctor available, then the treatment requirements are still met since the doctor is also allowed to perform that treatment. 
Patient Outcome
To measure the care given to a injured patient there is a set of defined outcomes depending on care.
• Death
• Preventable death
• Preventable complication
An outcome is given to the simulation run depending on if a certain criterion is not fulfilled within a given time frame. A location condition requires the patient to have been transported to a specific location type. A treatment condition requires the patient have been given a specific trauma treatment.
To illustrate this, consider a patient hos is a child. The child is not moving, it is calm, quiet and has no visible injuries. When the patient is examined, a lowered level of consciousness 20 can be found. This requires the patient to receive the following treatments within 1 hour from the injury: intubation, oxygen and neck collar. If this patient does not get the intubation and oxygen treatments it will receive the preventable death outcome. If the patient does not get the neck collar it will receive the preventable complication outcome. Later if the patient is not transported to an ICU within 4 hours it will receive the preventable death outcome.
Entities
There are three different types of entities in the model, see Figure 4 .6. A brief explanation how these entities interact with each other is given below. Vehicle -Vehicles are modelled to to carry personnel and ETS patients. They differ in how much they can carry, how much personnel personnel they require to operate and if they travel by land or air. A list of all used vehicle types can be found in A.1.
ETS Patient -The ETS patient is modelled as an entity without any sets of actions. The entity has a list of treatments which is supposed to be done and a list of consequences which describes if the entity is treated or transported too late.
Personnel -The entity itself only holds information about how competent it is (what procedures it is allowed to perform). The personnel entities are responsible for:
• Operating vehicle entities. Some vehicles require specific personnel competence to be able to operate. For example, an ambulance require paramedics.
• Doing triage on ETS patients.
• Treating ETS patients.
Ending conditions
There is a set of ending conditions which can be used in the model.
Specific time -End simulation after a certain time has passed.
Transportations completed -When there are no injured waiting for transportation.
Treatments completed -When all defined treatments have been completed for all injured.
By default the simulation ends when all injured have been taken care of. It means that all injured have been transported away from the accident site and received necessary treatment.
Model randomness
In order to achieve a stochastic model, mathematical distributions can be applied to specific event parameters. By default the following effects on events are used in the model. Event Type  Distribution type Range  Transportation Triangular  a=0,9 c=1,0 b=1,2  Triage  Triangular  a=0,8 c=1,0 b=1,2  Treatment Triangular a=0,9 c=1,0 b=1,2 Where the range variables are defined as factors, e.g. triage can take one minute to perform but the time can vary with a factor of 20%.
AI
The AI part of the simulation system is responsible for creating events that affects the model and adding them to the engines event list. Every time an event is executed within the model, the AI is allowed to create new events. The AI has no means of changing the model itself but is allowed to check the current state to try and make smart new decisions to optimize the patient outcome. The AI was divided into three separate parts: triage, transportation and treatment which is explained in the subsections below.
Emergency services (Police, Fire and rescue and emergency medical services) are dispersed throughout the city and its surroundings. This means that normally it takes a bit of time for emergency personnel to arrive on the accident site. In the event of a disaster, emergency service organizations have different responsibilities. For example, medical personnel would not start with rescuing injured. If a stadium is burning they would have to wait for the fire and rescue services to put out the fire before commencing the rescuing process. If there for example are hostiles on the accident site, they would have to wait for the police to secure the area. This implies that even though medical personnel arrive early to the accident site they cannot always commence treatment and transportation of the injured.
When the accident site is secured the triage procedure is performed by the medical personnel. The triage procedure aims to assess and prioritize injured patients. All injured are sorted into a priority queue in the order red, yellow and green. This is important because it affects the order in which injured are treated and transported. For example, injured marked with red are always given priority over an injured marked with yellow.
After the injured have been triaged, necessary prehospital trauma care is done by the medical personnel or anyone with required competence. There can be multiple strategies doing this step, examples of this could be doing as much as possible on the accident site or only doing only the absolute minimum to be able to get the injured onto a transportation vehicle as soon as possible. The patient process is illustrated in Figure 4 .7.
Triage AI
For each location in the model where there are patients that have not been given triage and there is available personnel, the triage AI will give triage to those patients. There are several algorithms to conduct triage worldwide, the most common one, which is also used as default in the model is START [15] . One thing worth mentioning is that different algorithms could be used for the prehospital triage and the in hospital re-triage.
The algorithm was implemented as described in subsubsection 2.2.1.1 and relies on data from the patient entities. This was calculated beforehand for each patient and was validated by a clinical experts at KMC. The triage is always done correctly according to the patients vital signs. 
Transportation AI
The transportation AI is responsible for loading and transporting personnel and patients from location A to location B. For hospitals it is a fairly easy decision, if there is an accident site which requires assistance and there are available vehicles and paramedics, it will commence transportation to the accident site. When transporting from an accident site, it is harder because the range of choices is larger. There are also more available strategies that could be utilized, examples of different strategies for transporting patients are given below.
• Spread evenly -Spread patients evenly through all the nearby hospitals.
• Closest first -Fill the hospital closest first which has resources available. This is the strategy that was implemented for this thesis.
• Furthest first -Fill the hospital furthest away first which has resources available.
There is also a prioritization where the patients with the most need for transportation are transported first. This prioritization is done by checking the triage of the patient, a red triaged patient is always transported before a yellow triaged patient. Green triaged patients are normally put on buses to avoid overburden the other faster vehicles like ambulances and helicopters. 
Treatment AI
If there is personnel available at a location and patients in need of treatment, the AI will start treating those patients. The same prioritization as in the transportation AI is done where the patients in most need of treatment are given treatment first.
Validation Results
In this section results from different simulations are presented.
Degenerate tests
One test that was performed was using one location with a fixed amount of personnel resources, and the number of patients per simulation was increased linearly. The expected behavior of that the simulation time increase linearly with the number of patients in the queue. Ten iterations per setup were conducted in order to generate some variance in the results. The simulation results can be found in Figure 4 .8.
Comparison to other model -TYKO
On March 3, 2016, the National Board of Health and Welfare (Socialstyrelsen) was instructed by the government to practice and evaluate emergency preparedness by conducting a large scale exercise with many injured. The government pointed out that with the increasing number of terrorist attacks in our surroundings it is important to practice and evaluate emergency preparedness. The exercise was to be carried out at KMC with focus on health care.
To be able to create the exercise, nearby regions had to supply information about available resources. They selected a date two weeks before the actual TYKO exercise and the regions had to check how much resources they had available that day. For example the number of ambulances that were available or already out on a call and the capacity of the different units in the hospitals.
Scenario Description
A scenario was created from recent research in risk assessment and previous emergency preparedness exercises, which suited the instructions given by the government. Recent research in risk assessment have pointed out that attacks on the transportation sector is a realistic 
happened before. It also requires a lot of medical personnel and cooperation between the nearby hospitals. Because of the immense pressure on the hospitals coordination on a national level between government agencies can also be required, if high quality medical care is to be maintained.
Socialstyrelsen decided on a train crash with a X2000 with seven carriages filled with people. The accident took place outside Örebro county on a heavily trafficked railroad. The accident was caused by bomb which caused a train derailment. This led to mostly bleeding-, crushing-and burn injuries. 397 people was on the train when the accident occured and they were all represented by ETS patient models with matching injuries and demographic.
Simulation Model
The TYKO simulation model consists of 19 emergency hospitals, four local care centers and one accident site with 7 train carriages. A Total of 397 ETS patients with mostly trauma and burn injuries to represent a plausible railway accident. An overview of the modelled geographical locations and routes can be seen in Figure 4 .9.
Information regarding the TYKO scenario data can be found in Appendix B. The data used in the simulation model that was supplied from the regions is listed below.
• Relevant hospitals for the exercise and their treatment capacity in the ICU and treatment capacity in OP. Treatment capacity is how many injured that can be treated at the same time. This data can be found in Table B. 1.
• The distance from the hospitals to the accident site and different transportation times with respect to vehicle type. This data can be found in Table B .2.
• The ETS patients used in the exercise and how they are distributed between the train carriages. This data can be found in section B.4.
• The available resource entities in the exercise. This data can be found in section B.5.
• The transportation time was set to a fixed amount which can be found in Table B. 2.
• The secure flag condition, some carriages are on fire and are not available from the start of the simulation. 
Simulation results
The patient outcome from running the simulation n = 100 times resulted in:
Preventable death med = 41 (IQR 31 to 44) .
Preventable complication med = 150 (IQR 144 to 155).
Where med is the median, lq is the lower quartile and uq is the upper quartile. The result from the analog TYKO exercise was:
Preventable death = 45
Preventable complication = 21
A comparison of the simulation results to the analog exercise results can be seen in Figure 4.10. 
Trace
The trace testing was done in combination with the comparison to other model tests presented in subsection 4.2.2. It was performed following one patient and one paramedic through a simulation. When summarizing the results, it was concluded that the patient achieved the transportation time requirement, but the prehospital trauma care was given to late which resulted in a possible complication outcome. The patient flow is presented below.
Discussion
This chapter discusses the results, the chosen methods for obtaining the results, potential improvements with the ETS model and the work in a wider context.
Simulation System
There exists, as described before, other simulation systems that can be used for these kind of simulations. However, there are some advantages by implementing a domain specific system, e.g. faster preprocessing and model setup. This since specific scenario editors can be developed for the domain, in this case disasters.
The proposed action abstraction made to the DigEmergo model was a good way of adapting the model for simulations. It made it easy to keep track of all the changes to the model in a way that makes it easy to monitor, which improved the verification process, especially in the early stages. This is something that could be applied to other models that is not currently used in simulations, but where simulation could provide benefits. Also separating the model logic made it easy to develop different strategies without having to interfere with the model data. Other general advantages using the simulation system are listed below:
• It allows the scenario to be run many times without extra effort.
• When the scenario has been constructed it does not require any participants.
• Every simulation is unique testing different starting conditions.
• It runs faster than real-time.
• It can summarize the results in a specified way.
A disadvantage of using computer-based simulations instead of analog simulation is that humans are still required to exercise, to gain competence in how to handle disaster situations. The computerized simulations can however be used as a complement, e.g. doing a large scale analog exercise like TYKO and using computer-based simulations as an additional complement. This would allow for both human exercise and testing a lot of similar situations at the same time, where the computer-based simulations do the bulk work. 
Validation Results
This section discusses the results for the different validation techniques. A general problem using the ETS patient model was found, which can affect the validity when comparing to real disasters. The time resolution on the ETS patient model is by the hour. This means that if a patient requires a specific treatment within one hour and receives it just a minute to late, the patient receives a negative outcome. Time resolution by the hour could imply too sparse sampling for scenarios that have many events per hour. If instead a real world scenario is to be simulated it might require a lower time resolution. A solution to this could be a dynamic patient model which is proposed by Rybing [31] .
Degenerate tests
The increase in time when adding more patients grows fairly linearly, this can be seen in the linear curve that starts in the first median and ends in the last median. It is very unlikely however that it grows exactly linear because of variance in the model. The behaviour can be expected from the model because each patient requires treatments which takes time to perform. With limited personnel resources to perform the treatments this is going to result in a queue of patients waiting for treatment. The effect of this is that the simulation continues for an extended period of time before all patients have received treatment due to queue formation.
Comparison to other model
When comparing the simulation results to the analogue TYKO results there are two comparisons that can be made regarding patient outcome, preventable deaths and preventable complications. The expected result of the computer simulations was to end up close to the analogue simulation but with less complications. This is because of quicker and more correct decision making by the computer-based simulation, assuming the model logic is implemented correctly.
Preventable death
The preventable death outcomes were very close to the analogue simulation. The computerbased simulation outperformed the analogue simulation slightly, which is to be expected, as stated before. This means that given the scarce resources early in the simulation, before all ambulances have arrived on the accident site, patients were prioritized in a similar fashion.
Preventable complication
When comparing the preventable complication outcomes the results differ a lot. The analogue simulation had 21 complication outcomes while the computer-based simulation had a median of 150. This was not expected behavior of the computer-based simulation as the stochastic simulation was expected to outperform the analogue simulation. The results were further analyzed to explain this.
One identified reason that can increase complications in an an arbitrary scenario is related to the prioritization of patients. Because the computer-based simulation always prefers to transport and treat more prioritized patients, which is correct behavior, it might not be enough time to transport and treat the less prioritized patients in time. This is something humans can prioritize wrongly and then trade more preventable death outcomes to preventable complication outcomes, e.g. a patient which should receive a yellow triage receives a red triage. However, this is something the conceptual model could implement. By analyzing over-and undertriage data, distributions for this could be added to the model, which then would make the model behave in a similar fashion. When doing manual calculations of expected preventable complications it was found that the results presented in the TYKO were incorrect. Even when having all the ambulances on the accident site from the start with all carriages available it was not possible to get complications as low as 21. This was the second identified reason for the big deviation which was examined.
People in the project management of TYKO were interviewed about the preventable complication results, and presented with general calculations regarding if it was possible to have so few complications given the injury panorama of the scenario. The log of the TYKO exercise was compared to the computer simulations and one major difference was found, which had a dramatic impact on the results. It was discovered that many of the performed treatments that gave the preventable complication outcome did not exist in the analogue simulation exercise log. By not counting all potential treatment outcomes then implies less outcomes in total.
A reason for this could be that when doing a large scale exercise like TYKO it is hard to keep track of everything that is going on when taking the notes, which was done on paper. This can result in some events being prioritized when taking notes. Events related to the most injured patients can then have been prioritized and patients with only complication outcomes missed. However, when a computer is doing the simulation everything that happened is logged and nothing is missed. This is a clear advantage of computer simulations, assuming it is implemented correctly.
When discussing the computer-based simulation result with the project lead, which can be considered an expert in the field, the conclusion was that the computer simulations result was more reasonable than the results presented in the TYKO exercise. This means that the computer-based simulation results helped validating the results of the model was being compared to. This could then be a good sign of the general validity of the implemented model.
Trace
The result from the trace tests for the different entities was as intended in the conceptual model. For the patient everything happened in correct order: triage, treatment, transportation and possible treatment again. However in a real world this flow of actions might not always be correct. Depending on available resources and distance to the hospitals some patients might be transported away from the accident site earlier, e.g. a patient with triage red might be transported away before other patients with triage red are treated. This is something that could be modelled in a more dynamic way.
This also relates to the flow of the paramedics. Where a possible solution to this could be assigning more specific roles to the medical services, e.g. some paramedics just go back and forth between the hospitals and accident site, and some paramedics stay on the accident site giving triage and performing treatments.
Method
In this section, the methods used in this thesis are discussed.
Model Development
The work in this thesis do follow some of the steps in the procedure presented by Sargent. However, because verification and validation plans were not made before starting the development it was not possible to follow this process completely. Also a general development procedure is hard to follow because each situation and context is different.
In general, the development process was reasonable. Having an iterative process makes it easy to catch mistakes made when making assumptions about the conceptual model, and for each iteration less errors are found until the accuracy of the model is acceptable. An iterative process can also provides some other development advantages: This is important when doing interdisciplinary projects.
• Transparency, it gives the experts that are not familiar with software development an opportunity to be involved throughout the project. However, this also requires the experts to understand that software development in general can be an iterative process.
Verification and Validation
Literature about the verification and validation process presents a lot of different techniques. Because every situation is different it is hard to use a fixed set of techniques. Instead the available resources and context can be a deciding factor on which techniques that should be used. This results in the chosen techniques being selected subjectively. This is not necessarily a problem but it can make it harder to argue validity of the model. The primarily techniques used in this thesis, trace and comparison to other models, together have good synergy. The argument behind this is that, while the comparison to other models compares the simulation output, the trace verifies that the entities in the simulation are doing what they are supposed. This together then implies that if the simulation output is accurate enough and the entities are following a correct process some validity could be argued.
The work in a wider context
The goal of this thesis was to create a discrete-event time simulator that could run the digital version of ETS stochastically and verify and validate the model, which in turn can be used to assess emergency preparedness. This can influence decision makers by providing preliminary results about emergency preparedness. If the scenario is made in a unrealistic way that generates bad simulation results, this can give a false sense of security if the results indicate that the resources are enough, or perhaps lead to overspending if the results indicate that there is not enough resources. When emergency situations happen the people working at the time are still responsible for prioritizing the resources, but it can affect the resources that are available at the time. All of this can affect patients health.
The work in the thesis can however lead to a more efficient use of resources and reduce spending overall. In the future it might even be possible to generate different type of disaster models given geographical locations using data from counties which can reduce workload.
Conclusion
Stochastic simulation methods can be a powerful complement to traditional capability assessments methods. The developed simulation system can be used for both assessing emergency preparedness with some validity and as a complement to analogue capability assessment exercises, both as input and to validate results.
By making some architectural changes to the DigEmergo codebase it was possible to use the DigEmergo model in a simulation environment, which at the same time worked for the normal exercise use case. This was done by abstracting away all interactions with the model into its own layer. This also unified the process in which the exercise clients and the simulation engine interacted with the model, this gave a higher reuse of code. The model was also extended with randomness to certain processes that represent the random behaviour in, for example, transportation and treatment time.
When constructing a scenario it requires a injury panorama, and if no ETS patients exists with injuries related to that injury panorama it cannot be simulated accurately. This puts some limitations on what types of accidents that can be constructed. In this thesis the simulation output was compared to the TYKO exercise which had bleeding, crushing and burn injuries. This comparison provided similar result so at least when there is similar conditions the simulation output could be considered valid.
Computer-based simulations can not completely replace analogue exercises because there is still great value for emergency personnel to exercise. However, the presented simulation system can be a complement to analogue capability assessment exercises. The simulation system can be used to simulate the same scenario but with different input parameters, for example, accident sites on different geographical locations or available resources. This is because doing this using analogue capability assessment exercises requires a lot of resources, and it can be hard to motivate doing a similar excersise with only minor differences.
Future Work
Identified future work includes more extended validation, possible comparing the simulation to real disaster outcomes where sufficient data exists. This could help motivate validity of the model even further. However, a limitation is that ETS patients with injuries similar to the injury panorama of the disaster has to exist. More different validation techniques could also be used. Some parts of the model could also be extended. Using real data and statistical models it is possible to, for example, model transportation time more accurately. This would provide more accurate simulation output when simulating similar accidents on different geographical locations for instance.
A problem with the ETS patient model is the time resolution. The current time resolution is on an hourly basis which is high when simulating accidents where every minute counts. A patient model with dynamic health states based on predefined injure trajectories would have a more narrow time resolution and therefore increase overall simulation validity. 
A DigEmergo Database
A.1 Vehicles
B.4 TYKO ETS Patients
The different ETS patient categories used in the scenario and how they are distributed over the accident site. C1-C7 represents carriage 1-7.
Category Quantity C1 C2 C3 C4 C5 C6 C7 CCS Total 
